The Mexican axolotl (Ambystoma mexicanum) is famous for its lifelong youthfulness, more scientifi cally described as neoteny -the fact that it does not undergo the metamorphosis from larval, aquatic stage to adult, terrestrial salamander like related amphibian species would, but reaches sexual maturity while in the larval form. Despite its global fame and popularity, it is currently listed as critically endangered on the IUCN Red List, with populations in Mexico's lakes rapidly dwindling due to pollution and habitat loss.
Axolotls are, however, widely bred in laboratories as an animal model. They are easier to keep than comparable species that do mature to a terrestrial salamander.
They share with other salamandersincluding those that undergo normal metamorphosis -the surprising and incompletely understood ability to regrow entire limbs after amputation. Their regenerative abilities also cover the tail, parts of the central nervous system including the spine and the retina, as well as cardiac tissues. All of these abilities are unheard of in mammals like ourselves.
The axolotl genome is similarly unusual as it is infl ated by numerous repeats and contains more than ten times as many bases as the human genome, although it has a comparable number of genes. Due to the diffi culty of assembling genomes with such a high degree of repetition, a reasonably complete genome assembly of the axolotl has only been published this year, following shortly after the genome of another amphibian, the Iberian ribbed newt (Pleurodeles waltl), and simultaneously with that of another important model organism of regeneration studies, the fl atworm Schmidtea mediterranea. In addition to the genome, the researchers also studied the transcriptome and used Crispr gene editing technology to disrupt the activity of certain transcription factors in regeneration experiments. They identifi ed a number of conspicuous features that may be related to regenerative abilities. The Harbinger group of transposable elements, for instance, has undergone an expansion that has not been observed in any other vertebrate genome. Notably, it includes a proto-oncogene that acts as a transcription factor and is upregulated during limb regeneration.
Long reads
Another feature that is both expanded in the genome and active in regeneration is a group of microRNAs (miRNAs). These non-coding RNAs were identifi ed in embryonic stem cells and have been used in reprogramming somatic mammalian cells to an induced pluripotent state. Some of these miRNAs are also found in the African clawed frog (Xenopus laevis) and in zebrafi sh (Danio rerio), but one type of miRNA expanded in the Jurassic or later and is specifi c to salamanders. While preliminary results from Elewa and colleagues suggest that these features play a role in regeneration, many details remain to be elucidated.
The axolotl genome with a total length of 32 gigabases, or more than ten times the human genome, is even larger and more challenging than the newt. Previous efforts have yielded large amounts of sequence information already, but the assembly of the virtually complete genome was reported only recently by an international collaboration involving axolotl regeneration researcher Elly Tanaka from
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Regeneration lessons from the axolotl
Three genomes of species with astonishing regeneration abilities raise the hope of better understanding the underlying mechanisms of regeneration, the reasons why mammals have lost these, and ways of translating them into regenerative medicine. Michael Gross reports.
Genome giant: The genome of the axolotl, Ambystoma mexicanum, is the largest ever sequenced. Researchers hope that it will facilitate the investigation of the remarkable regeneration abilities observed in this species. (Photo: Stan Shebs (CC BY-SA 3.0).) R188 Current Biology 28, R187-R207, March 5, 2018 fi sh, is confi rmed to be absent in the axolotl genome. To clarify its role in the newt, Elewa and colleagues disabled it using Crispr technology and found that limbs developing or regenerating in its absence grew without forming muscles. Meanwhile, Tanaka and colleagues showed that in the axolotl the factor Pax7 takes on the role that Pax3 has in other species.
The initial analysis of the axolotl genome focused on explaining the unusual size, which is due to the dramatic expansion of long terminal repeats (LTRs), the genetic descendants of retroviral DNA that integrated itself into the genome and lost the ability to form viruses. In some cases, these elements are conserved because they take on new functions in the host genome (Curr. Biol. (2017) 27, R365-R368). It also identifi ed several membrane proteins and a number of miRNAs as factors that may be linked to regeneration and that have been lost or modifi ed in other vertebrates.
In a second project also using the MARVEL genome assembler, the groups of Schloissnig and Hiller worked together with the team of Jochen Christian Rink at the Max Planck Institute of Molecular Cell Biology and Genetics at Dresden, to solve a similarly astounding genome of another marvel of regenerative abilities, the fl atworm Schmidtea mediterranea (Nature (2018) 554, 56-61).
As in the axolotl, the fl atworm genome includes an exceptional amount of repetitive sequences, now estimated to 62%, compared with 38% in the mouse and 46% in the human genome. As in the axolotl, much of this is due to LTR retroelements. However, the unusually large and numerous retroelements in the Schmidtea genome do not appear to resemble any known elements, suggesting that they either diverged signifi cantly or represent an as yet unknown family of such elements.
A key discovery of the genome analysis is the surprising absence of some genes considered essential for animal development and survival, such as the genes Mad1 and Mad2, which are normally required for the spindle assembly checkpoint in mitosis, a crucial step in cell division that ensures the genetic material is divided appropriately between the daughter cells.
Further analysis of the Schmidtea genome should hopefully cast light on the astonishing ability of the fl atworm to regenerate its entire body even from a small tissue fragment. Moreover, this species itself is free-living but closely related to certain parasitic worms, so comparative studies could elucidate the evolutionary origins and genetic adaptations of its parasitic relatives.
Lessons from salamanders
On the macroscopic level, limb regeneration in salamanders has been described as a complex process in three stages. The fi rst response after amputation is the ordinary wound healing, involving blood coagulation to close the blood vessels and the formation of a wound epithelium to seal the wound. After around a week, the wound epithelium forms a transient structure known as the apical ectodermal cap, which serves as a signalling centre in analogy to the apical ectodermal ridge of the limb bud in development.
The second stage is the formation under the wound epithelium of a specialised cell mass called a blastema, which consists of lineage-restricted progenitor cells that dedifferentiate but stay true to their original type. These cells, in coordination with signals from nerves and surrounding tissues, then provide the microenvironment from which, in the third stage, the tissue regrowth occurs.
the University of Vienna, Austria, together with the groups of Siegfried Schloissnig and Michael Hiller at Heidelberg and Dresden (Germany), respectively (Nature (2018) 554, 50-55).
Given the overwhelming amount of repetitive sequences in the genome, advanced long-read genome sequencing was an essential prerequisite for the successful assembly of the genome. In addition to that, new computational methods were also needed. In the course of a fi ve-year project that has now run to completion, Schloissnig's group at the Heidelberg Institute for Theoretical Studies (HITS) developed new software -the genome assembly program MARVEL -in order to overcome the challenges of the largest and most repetitive genome ever sequenced. In the end, the HITS computing cluster needed 30 weeks for the calculations that produced the fi nal assembly of the axolotl genome.
Interestingly, the axolotl genome research highlights a different set of factors of potential relevance to regeneration, compared with the newt genome. A direct contrast between both can be found in the discovery that the gene encoding the transcription factor Pax3, which is essential for development in other amphibians and The same three stages including the formation of a blastema are also observed when zebrafi sh regenerate their fi n rays. Studying the zebrafi sh model, Nicola Blum and Gerrit Begemann from the University of Bayreuth, Germany, have elucidated the signalling role of retinoic acid in the regeneration process. Large-scale production of this vitamin A metabolite, which also plays a crucial role in vertebrate development, drives the formation of the blastema and the cell proliferation within it. By contrast, it inhibits the differentiation of the cells. Therefore, its activity is controlled by a degrading enzyme such that ray growth remains within the appropriate spatial limits and leads to correctly differentiated tissues (Development (2015 (Development ( ) 142, 2888 (Development ( -2893 2894 -2903 .
The salamander limb regeneration is somewhat more complex than the zebrafi sh ray. Here, the complete limb with correctly interfaced bones, muscles, blood vessels and nerves is rebuilt. In mammals, by contrast, only very limited regeneration can be observed. Deer can regenerate antlers, but the process does not involve a blastema and is based on stem cells instead. Certain strains of laboratory mice can regenerate ear tissue after injury, but this process does not include bone regrowth.
Regrowth of fi nger tips, as observed in some mice and very rarely in children, is the closest mammalian analogy to salamander regeneration. As Lina Quijano from Tulane University in New Orleans, USA, and colleagues have discussed in a review article, the murine fi nger tip is an important model to analyse for the purpose of regenerative medicine, as it allows the direct comparison of regenerationcompetent and non-competent tissues in the same mammalian species (Tissue Eng. B (2016) 22, 251-262) .
Discussing the opportunities for translational applications of certain aspects of regeneration, Quijano and colleagues suggest that something like a skin graft could be made to mimic the apical ectodermal cap at the amputation site, and soluble factors could be injected to reproduce the conditions found in the blastema of an injured salamander.
The authors conclude that "controlling the microenvironment may help induce the proliferation, migration and dedifferentiation necessary for the formation of a blastema-like structure." However, they also caution that additional measures may be necessary, such as the targeted transfer of specifi c cell types, which may involve stem cells. The main challenge is the coordination of the complex process made up of the growth of different tissue types interacting with each other and connected to the rest of the body.
Researchers also ask themselves why mammals lose the ability to grow limbs at the end of development. The irregular scattering of regeneration abilities in the tree of life suggests that it is an ancestral feature that many species have lost, rather than a new one that a few have acquired. Some have pointed to our highly complex immune system, which responds to injuries with infl ammatory processes absent in amphibians. Protection against tumour growth may also be an issue. If a switch were to be found that turns off regeneration in mammals and could be turned back on locally, that could become a magic wand for regenerative medicine.
Translation opportunities
Realistically, a complete copying of the salamander's limb regeneration process in mammals, let alone in human patients, will remain out of reach for a considerable time to come. However, the improved understanding of its mechanisms could prove helpful in unexpected ways.
Regenerative medicine is already looking to tissue engineering based on stem cells to replace vital organs such as livers and kidneys, which have a lower mechanical complexity than limbs. Susan Kimber and Adrian Woolf from The University of Manchester, UK, have recently reported the production of artifi cial human kidney organoids which were functional in mice and produced urine (Stem Cell Reports (2018) Combining the experience of existing tissue engineering successes with the emerging insights into the miraculous regeneration abilities of amphibians may provide new leads to address a range of issues. In spinal injuries that lead to paraplegia, for instance, engineering solutions are sought to bridge gaps that only measure a few millimetres. While less accessible to investigation than the limb regeneration, a salamander's ability to regrow its spine may also offer some helpful clues.
As for the limb regeneration, lessons we can learn from the salamanders may, in the long term, offer hope not only in cases of amputations after accidents or disease, but also limb development disorders such as macrodactyly, a rare congenital disorder where individual overgrown fi ngers or toes often have to be amputated for lack of a better way of controlling their growth (J. Hand Surg. (2015 ) 40, 1461 -1468 .
If the axolotl and the newt could teach us how to grow a hand or a foot, that might become the basis of a truly regenerative medicine.
Michael Gross is a science writer based at Oxford. He can be contacted via his web page at www.michaelgross.co.uk
Practically immortal:
The fl atworm Schmidtea mediterranea can regenerate its entire body from the smallest scrap of tissue. Its very large and repetitive genome has now been assembled with the same computational tools as used for the axolotl. (Photo: Alejandro Sánchez Alvarado (CC BY-SA 2.5).)
